Introduction
Antigen-specific immunotherapy is an attractive approach for the treatment of cancers. DNA vaccines have emerged as a potentially promising strategy for cancer immunotherapy based on their excellent safety profile and stability (for review, see Donnelly et al. 1 and Gurunathan et al.
2
). However, due to the poor immunogenicity of DNA vaccines, these vaccines have a low potency. The potency of DNA vaccines can be enhanced by direct delivery into the professional antigen-presenting cells (APCs), such as using intradermal administration of DNA through gene gun. Furthermore, the potency of DNA vaccines can be improved using innovative strategies that modify the properties of APCs to boost the antigen-specific immune responses (for review see Hung and Wu 3 and Tsen et al. 4 ). DNA vaccine potency has been shown to be enhanced by using intracellular targeting strategies that enhance major histocompatibility complex (MHC) class I/II presentation of the target antigen in dendritic cells. Our previous studies have focused on the employment of calreticulin (CRT), a Ca 2+ -binding protein located in the endoplasmic reticulum (ER) (for review, see Gelebart et al.
5
) linked to a model tumor antigen, human papilloma virus type-16 (HPV-16) E6, for the development of a DNA vaccine, CRT/E6. 6 Since E6 is constantly expressed in a majority of HPV-associated malignancies, E6 represents an ideal target for the development of therapeutic HPV vaccines. We have demonstrated that mice vaccinated with CRT/E6 DNA generated significant E6-specific CD8 + T-cell immune responses and could protect vaccinated mice from challenge with E6-expressing TC-1 tumors compared to vaccination with wild-type E6 DNA. 6, 7 Thus, DNA vaccines encoding CRT are capable of significantly enhancing the DNA vaccine potency.
Another strategy that has been employed to enhance DNA vaccine potency involves the generation of high numbers of antigen-specific CD4 + T cells in vaccinated mice. It is now clear that CD4 + T cells are important in the production of cytotoxic and memory T-cell populations (for review, see Castellino and Germain 8 ). We previously generated a DNA construct encoding an invariant (Ii) chain in which the class II-associated Ii peptide region is replaced with a CD4 + T-helper epitope, PADRE (invariant Pan HLA-DR reactive epitope) to form Ii-PADRE. C57BL/ 6 mice vaccinated with DNA encoding Ii-PADRE showed significantly greater PADRE-specific CD4 + T-cell immune responses than mice vaccinated with DNA encoding the Ii chain alone. Furthermore, administration of DNA vaccines encoding HPV antigen with DNA-encoding Ii-PADRE led to significantly stronger HPV antigen-specific CD8 + T-cell immune responses and more potent protective and therapeutic antitumor effects against TC-1 tumors in mice. 9 Although DNA vaccines have been shown to be effective in preclinical models against small tumors, such immunotherapeutic strategies alone may not be able to control rapidly growing, bulky tumors. This challenge may be overcome by the employment of multimodality treatment regimens that combine immunotherapy with chemotherapy in order to generate a much stronger antitumor effect (for reviews, see Emens and Jaffee 10 and Emens
11
). Chemotherapeutic agents have been successfully used in combination with DNA vaccines to generate significant antitumor effects. 12, 13 Chemotherapeutic reagents have the inherent tendency to attack cells that rapidly proliferate and have a good blood supply. Furthermore, chemotherapeutic reagents travel in the blood system, which allows them to be used for cancers in multiple parts in the body. Doxorubicin is an antibiotic drug widely used in chemotherapy, 14 and currently being tested in clinical trials for the treatment of several cancers. [15] [16] [17] [18] [19] [20] [21] It functions by intercalating with DNA and thus inhibiting DNA replication. It is commonly used in the treatment of a wide range of cancers.
In the current study, we have explored the effect of doxorubicin on the antigen-specific immune responses generated in mice vaccinated with CRT/E6 and/or Ii-PADRE DNA. We observed that pretreatment with doxorubicin suppressed the E6-specific CD8 + T-cell immune responses generated by CRT/E6 DNA vaccination in vaccinated mice. In contrast, pretreatment with doxorubicin enhanced the PADRE-specific CD4 + T-cell immune responses generated by Ii-PADRE DNA vaccination. Furthermore, coadministration of Ii-PADRE DNA could not only reverse the suppression, but also enhanced the E6-specific CD8 + T-cell responses in CRT/E6-vaccinated mice pretreated with doxorubicin. Finally, treatment with doxorubicin followed by CRT/E6 combined with Ii-PADRE DNA vaccination led to enhanced antitumor effects and prolonged survival in TC-1 tumor-bearing mice. The clinical implications of the current study are discussed.
Materials and methods
Drug, antibodies, peptides, cell lines and mice Doxorubicin-HCL (D1515, Sigma-Aldrich, St Louis, MO, USA) was reconstituted with 0.9% NaCl normal saline and kept at 4 1C in refrigerator. After 3 weeks of reconstitution, solution was abandoned. Antibodies against mouse CD3e (NA/LE, clone 145-2C11), CD4 (phycoerythrin; PE-conjugated, clone L3T4), interferon (IFN)-g (fluorescein isothiocyanate; FITC-conjugated, clone XMG1.2) and CD8a (PE-conjugated, clone Ly-1) were purchased from BD Pharmingen (San Diego, CA, USA). The HPV-16 E6 (YDFAFRDL) and PADRE (AKF-VAAWTLKAAA) peptides were synthesized by Macromolecular Resources (Denver, CO, USA) at a purity of X70%. The production and maintenance of TC-1 have been described previously. 22 Female C57BL/6 mice (6-8 weeks) were acquired from the National Cancer Institute (Frederick, MD, USA). All animals were maintained under specific pathogen-free conditions, and all procedures were done according to approved protocols and in accordance with recommendations for the proper use and care of laboratory animals.
Plasmid DNA constructs and DNA preparation
The generation of pcDNA3-Ii and pcDNA3-Ii-PADRE has been described previously.
9 pcDNA3-CRT/E6 was generated as described previously. 6 The DNA were amplified and purified as described previously. 23 Treatment with doxorubicin combined with DNA vaccination using a gene gun DNA-coated gold particles were prepared according to a previously described protocol. 23 DNA-coated gold particles were delivered to the shaved abdominal region of mice, using a helium-driven gene gun (Bio-Rad, Hercules, CA, USA) with a discharge pressure of 400 lb per square inch. Doxorubicin (5 mg kg À1 ) or 0.9% NaCl normal saline as a control was injected to mice through tail vein prior to 1 week or 2 weeks before DNA vaccination. C57BL/6 mice were immunized with several combinations of DNA constructs (CRT/E6 alone, CRT/E6+pcDNA3, CRT/E6+Ii-chain CRT/E6+Ii-PADRE, Ii-chain, Ii-PADRE). Each cartridge contained 1 mg of plasmid DNA mixture and mice received two shots per mouse of the DNA mixtures by gene gun bombardment for a total of 2 mg per mouse. Each mouse received a booster of the same regimen 1 week later.
Intracellular cytokine staining and flow cytometry analysis
Splenocytes were harvested from mice (five per group) 1 week after the last vaccination. Prior to intracellular cytokine staining, 5 Â 10 6 per mouse of pooled splenocytes from each vaccination group were incubated for 16 h with 1 ml ml À1 of E6 peptide (YDFAFRDL) containing an MHC class I (H-2K b or D b ) epitope (amino acid 50-57) or MHC class II (I-A b ) epitope PADRE (AKF-VAAWTLKAAA) peptides for detecting antigen-specific CD8 + or CD4 + T-cell precursors in the presence of GolgiPlug (BD Pharmingen). Intracellular IFN-g staining and flow cytometry analysis were performed as described previously. 23 Analysis was performed on a FACScan with CELLQuest software (Becton Dickinson Immunocytometry System, Mountain View, CA, USA).
In-vivo tumor treatment experiment
For the tumor treatment experiment, C57BL/6 mice (five per group) were challenged with 5 Â 10 4 per mouse of TC-1 tumor cells by subcutaneous injection in the right leg. At day 3 after challenge with TC-1 tumor cells, mice were administered with doxorubicin solution or 0.9% NaCl normal saline as a control through tail vein and waited for 1 week. DNA vaccination was started at day 10 with gene gun. Each designated plasmid DNA mixture (2 mg per mouse) was vaccinated three times with 4-day intervals. Tumor growth was monitored by visual inspection and palpation twice weekly as described previously. 22 Tumor measurement and conditional survival Three dimensional tumor sizes were measured two or three times per week with Vernier calipers. Tumor sizes were approximated by multiplying the measured lengths. From day 25 after challenging tumor cells, tumors were measured every other day, and mice with tumor sizes 419 mm in diameter or projected tumor volumes 410% body weight or 42700 mm 3 were
Ii-PADRE reverses doxorubicin-induced immune suppression D Kim et al considered moribund and killed. Tumor volume was calculated using the following formula:
where V is tumor volume, L is length, W is width and D is depth. All of the animal studies were approved by the Institutional Animal Care and use Committee at Johns Hopkins Hospital (Baltimore, MD, USA).
Statistical analysis
All data expressed as mean ± s.e. are representative of at least two different experiments. Comparisons between individual data points were made using a Student's t-test. Kaplan-Meier survival curves for tumor treatment and protection experiments were applied; for differences between curves, P-values were calculated using the logrank test. The value of Po0.05 was considered significant.
Results
Pretreatment with doxorubicin suppresses the E6-specific CD8 + T-cell immune responses generated by CRT/E6 DNA vaccination in vaccinated mice
In order to determine the influence of doxorubicin on the E6-specific CD8 + T-cell immune response in CRT/E6 DNA-vaccinated mice, C57BL/6 mice (five per group) were treated with or without doxorubicin through tail vein. At 1 week or 2 weeks after doxorubicin treatment, mice were immunized with 2 mg per mouse of CRT/E6 DNA. At 1 week after the last vaccination, we measured the E6-specific CD8 + T-cell immune responses in vaccinated mice using intracellular IFN-g staining followed by flow cytometry analysis. As shown in Figure 1 , we observed that the E6-specific CD8 + T-cell responses were significantly reduced in vaccinated mice pretreated with doxorubicin compared to those in vaccinated mice without doxorubicin pretreatment. Furthermore, the mice pretreated with doxorubicin 2 weeks before DNA vaccination showed less reduction in the E6-specific CD8 + T-cell levels compared to mice pretreated with doxorubicin 1 week before DNA vaccination. We also calculated the percentage of the total CD8 + T cells in the spleen with or without doxorubicin treatment. We found that the percentage of total CD8 + T cells in the spleen does not have significant change with or without doxorubicin treatment (approximately 20-25% of the total splenocytes). Thus, our data indicate that pretreatment with doxorubicin suppressed the E6-specific CD8 + T-cell immune response generated in mice vaccinated with CRT/E6 DNA vaccine.
Pretreatment with doxorubicin enhances the PADRE-specific CD4
+ T-cell immune responses generated by Ii-PADRE DNA vaccination in vaccinated mice
In order to determine if pretreatment with doxorubicin will also influence the PADRE-specific CD4 + T-cell immune responses generated by vaccination with Ii-PADRE DNA, C57BL/6 mice (five per group) were treated with or without doxorubicin through tail vein. At 1 week after doxorubicin treatment, mice were T-cell immune responses in vaccinated mice using intracellular IFN-g staining followed by flow cytometry analysis. As shown in Figure 2a , doxorubicin pretreated mice vaccinated with Ii-PADRE DNA demonstrated a significant increase in the PADRE-specific CD4 + T-cell immune responses compared to mice vaccinated with Ii-PADRE DNA without doxorubicin pretreatment. A graphical representation of the number of PADRE-specific CD4 + T cells in the treated mice is depicted in Figure 2b . We also calculated the percentage of the total CD4 + T cells in the spleen with or without doxorubicin treatment. We found that the percentage of total CD4 + T cells in the spleen does not have significant change with or without doxorubicin treatment (approximately 20-25% of total splenocytes). Thus, our data suggest that pretreatment with doxorubicin led to enhancement, rather than reduction of PADREspecific CD4
+ T-cell immune responses generated by Ii-PADRE DNA vaccination in vaccinated mice.
Pretreatment with doxorubicin enhances the E6-specific CD8 + T-cell immune responses generated by vaccination with CRT/E6 combined with Ii-PADRE DNA in vaccinated mice
In order to determine if pretreatment with doxorubicin will also influence the E6-specific CD8 + T-cell immune responses generated by vaccination with CRT/E6 combined with Ii-PADRE DNA, C57BL/6 mice (five per group) were treated with or without doxorubicin through tail vein. At 1 week after doxorubicin treatment, mice were immunized with 2 mg per mouse of CRT/E6 and/or Ii-PADRE DNA or Ii-chain alone. At 1 week after the last vaccination, we measured the E6-specific CD8 + T-cell immune responses in vaccinated mice using intracellular IFN-g staining followed by flow cytometry analysis. As shown in Figure 3 , mice pretreated with doxorubicin followed by vaccination with CRT/E6 and Ii-PADRE DNA generated a significantly higher E6-specific CD8 + T-cell immune responses compared to mice vaccinated with CRT/E6 and Ii-PADRE DNA without doxorubicin pretreatment. Thus, our data indicate that coadministration of Ii-PADRE DNA can not only reverse the suppression, but also enhance the E6-specific CD8 + T-cell responses in CRT/E6-vaccinated mice pretreated with doxorubicin.
Pretreatment with doxorubicin enhances the PADRE-specific CD4
+ T-cell immune responses generated by vaccination with CRT/E6 combined with Ii-PADRE DNA in vaccinated mice
We also characterized the PADRE-specific CD4 + T-cell immune responses in mice pretreated with doxorubicin followed by vaccination with CRT/E6 combined with Ii-PADRE DNA. As shown in Figure 4 , mice pretreated with doxorubicin vaccinated with CRT/E6 and Ii-PADRE DNA generated a significantly higher PADRE-specific CD4 + T-cell immune responses compared to mice vaccinated with CRT/E6 and Ii-PADRE DNA without doxorubicin pretreatment. Furthermore, there was no significant difference in PADRE-specific CD4 + T-cell immune responses between mice pretreated with doxorubicin and vaccinated with Ii-PADRE alone (1.83%) (See Figure 2) or Ii-PADRE+CRT/E6 (2.24%). Taken together, our data suggest that pretreatment with doxorubicin leads to enhanced PADRE-specific CD4 Figure 4 Characterization of the PADRE-specific CD4 + T-cell immune response in mice vaccinated with CRT/E6 and Ii-PADRE DNA with or without pretreatment with doxorubicin. C57BL/6 mice (five per group) were injected doxorubicin dissolved in 0.9% NaCl solution or 0.9% NaCl solution as a control through tail vein. At 1 week after doxorubicin treatment, mice were immunized with 2 mg per mouse of CRT/E6 DNA and Ii-PADRE DNA or Ii-chain alone twice with a 1-week interval. At 1 week after the last vaccination, splenocytes from treated mice were harvested and characterized for PADRE-specific CD4 + T cells using intracellular interferon (IFN)-g staining followed by flow cytometry analysis. alone. The treated mice were monitored for tumor growth. As shown in Figure 5a , tumor-bearing mice treated with doxorubicin followed by CRT/E6 combined with Ii-PADRE DNA vaccination exhibited significantly decreased tumor growth compared to the tumor-bearing mice vaccinated with CRT/E6 combined with Ii-PADRE DNA without doxorubicin treatment (Po0.01). We also performed Kaplan-Meier survival analysis of the treated mice. As shown in Figure 5b , tumor-challenged mice treated with doxorubicin followed by CRT/E6 combined with Ii-PADRE DNA vaccination also exhibited significantly prolonged survival compared to the other treatment groups. Thus, our data indicate that treatment treated with doxorubicin followed by CRT/E6 combined with Ii-PADRE DNA vaccination leads to enhanced antitumor effects and prolonged survival in TC-1 tumor-bearing mice.
Discussion
In the current study, we have explored the effect of doxorubicin on the antigen-specific immune responses generated in mice vaccinated with CRT/E6 and/or Ii-PADRE DNA. We observed that pretreatment with doxorubicin suppressed the E6-specific CD8 + T-cell immune responses generated by CRT/E6 DNA vaccination in vaccinated mice. In contrast, pretreatment with doxorubicin enhanced the PADRE-specific CD4 + T-cell immune responses generated by Ii-PADRE DNA vaccination. Furthermore, coadministration of Ii-PADRE DNA could not only reverse the suppression, but also enhanced the E6-specific CD8 + T-cell responses in CRT/ E6-vaccinated mice pretreated with doxorubicin. Finally, treatment with doxorubicin followed by CRT/E6 combined with Ii-PADRE DNA vaccination led to enhanced antitumor effects and prolonged survival in TC-1 tumorbearing mice.
In our study, we observed that treatment with doxorubicin could not only specifically enhance PADRE-specific CD4 + T-cell immune responses, but also suppressed the levels of E6-specific CD8 + T cells. It is not however clear if treatment with doxorubicin will lead to a general enhancement of antigen-specific CD4 + T cells and reduction of antigen-specific CD8 + T cells in other antigenic systems. Furthermore, the mechanism by Ii-PADRE reverses doxorubicin-induced immune suppression D Kim et al which doxorubicin impacts the antigen-specific CD4 and CD8 + T-cell immune responses remains to be illustrated. One possibility is that doxorubicin may influence the function of professional APCs and result in the preferential activation of PADRE-specific CD4 + T helper cells, but not E6-specific CD8 + T cells. Furthermore, previous studies have shown that treatment with doxorubicin may induce apoptosis of T cells. 24 The specific mechanisms for the observed effects of doxorubicin on antigen-specific T cells warrant further investigation.
In our study, we observed that vaccination with Ii-PADRE could not only reverse the suppression, but also lead to a significant enhancement in the E6-specific CD8 + T-cell immune response. This may be related to the induction of IL-2 secreting PADRE-specific CD4 + T helper cells by Ii-PADRE DNA. In our previous study, we have shown that PADRE-specific CD4 + T cells stimulated by PADRE-loaded DCs secrete IL-2 that leads to the proliferation of antigen-specific CD8 + T cells. 25 The IL-2 secreted by the activated PADRE-specific CD4 + T helper cells generated by vaccination with Ii-PADRE, at the vicinity of the antigen-specific CD8 + T cells may contribute to the enhancement of the E6-specific CD8 + T-cell immune response.
The employment of gene gun administration is essential for the success of the current strategy. The Ii-PADRE DNA strategy requires the induction of CD4 + T helper cells in the vicinity of antigen-specific CD8 + T cells in order to enhance T-cell activation. The CRT/E6 DNA vaccines also requires the direct delivery into the DCs in order to effectively influence the priming of the T cells. The antigen linked to CRT will be directly targeted to the ER of the DCs and thus enhance the antigen processing. Thus, the strategies employed in the current study rely heavily on the intradermal delivery of DNA constructs through gene gun.
This study has several key implications for clinical translation. The current strategy could potentially be applied to clinical arena in the case of cancer patients treated with doxorubicin. The strategy of vaccination with Ii-PADRE could reverse the suppression caused by doxorubicin treatment and potentially enhance the antigen-specific CD8 + T-cell responses and antitumor effects in patients receiving immunotherapy. It will be important to determine if the current strategy can be extended to other types of chemotherapeutic drugs and also other forms of DNA vaccination. The success in the current study suggests that application of Ii-PADRE DNA in conjunction with other DNA vaccines administered through gene gun may serve as a platform for cancer immunotherapy in patients receiving chemotherapy.
